Recent data showed that group I metabotropic glutamate receptors (mGluRs) are located perisynaptic to the postsynaptic specializations of asymmetric glutamatergic synapses in the cerebellum and hippocampus in rats. In the present study, we used immunogold labeling to elucidate the subsynaptic localization of group I mGluRs (mGluR1a and mGluR5) in the internal and external segments of the globus pallidus in monkeys. In contrast to hippocampal and cerebellar neurons, which receive massive glutamatergic inputs, dendrites of pallidal neurons are covered with GABAergic boutons from the striatum intermingled with a small proportion of glutamatergic terminals arising largely from the subthalamic nucleus. In line with previous data, mGluR1a and mGluR5 immunoreactivity was found at the edge of the postsynaptic specializations of asymmetric synapses established by subthalamic-like boutons in the monkey pallidum. However, a large proportion of gold particles were also seen in the main body of the postsynaptic specializations of symmetric synapses formed by striatal GABAergic terminals. These data raise questions about the possible sources of activation of these receptors and the potential roles of group I mGluRs in modulating GABAergic neurotransmission at striatopallidal synapses.
Recent data showed that group I metabotropic glutamate receptors (mGluRs) are located perisynaptic to the postsynaptic specializations of asymmetric glutamatergic synapses in the cerebellum and hippocampus in rats. In the present study, we used immunogold labeling to elucidate the subsynaptic localization of group I mGluRs (mGluR1a and mGluR5) in the internal and external segments of the globus pallidus in monkeys. In contrast to hippocampal and cerebellar neurons, which receive massive glutamatergic inputs, dendrites of pallidal neurons are covered with GABAergic boutons from the striatum intermingled with a small proportion of glutamatergic terminals arising largely from the subthalamic nucleus. In line with previous data, mGluR1a and mGluR5 immunoreactivity was found at the edge of the postsynaptic specializations of asymmetric synapses established by subthalamic-like boutons in the monkey pallidum. However, a large proportion of gold particles were also seen in the main body of the postsynaptic specializations of symmetric synapses formed by striatal GABAergic terminals. These data raise questions about the possible sources of activation of these receptors and the potential roles of group I mGluRs in modulating GABAergic neurotransmission at striatopallidal synapses.
Key words: globus pallidus; striatum; immunogold method; subthalamic nucleus; metabotropic glutamate receptor; mGluR Glutamate, the major excitatory neurotransmitter in the CNS, activates both ionotropic and metabotropic receptors. Ionotropic receptors are ion channels that mediate fast changes in the postsynaptic membrane potential, whereas metabotropic receptors are coupled to G-proteins and initiate intracellular signaling cascades. To date, eight different subtypes of metabotropic glutamate receptors (mGluRs) have been identified and termed mGluR1 through mGluR8. These different subtypes have been divided into three groups based on their sequence homology, transduction mechanisms, and pharmacological profiles (Nakanishi, 1994; Conn and Pin, 1997) . The focus of the present study is the group I mGluRs, which include the splice variants of mGluR1 (mGluR1a, mGluR1b, mGluR1c, and mGluR1d) and mGluR5 (mGluR5a and mGluR5b). Activation of these receptors stimulates phospholipase C and phosphoinositide hydrolysis. Evidence exists for a variety of effects mediated by group I mGluRs, many involving modulation of ion channels resulting in changes in membrane excitability (Nakanishi, 1994; Pin and Duvoisin, 1995; Conn and Pin, 1997) .
Light microscopic immunocytochemistry and in situ hybridization studies have shown that group I mGluRs are strongly expressed in various populations of neurons in the rat basal ganglia (Martin et al., 1992; Testa et al., 1994 Testa et al., , 1998 Petralia et al., 1997; Berthele et al., 1998) , but very little is known about their synaptic localization in these brain structures. However, the synaptic localization of mGluRs has been examined in the rat hippocampus and cerebellum using pre-and post-embedding electron microscopic immunogold techniques (Baude et al., 1993; Nusser et al., 1994; Lujan et al., 1996; Ottersen and Landsend, 1997) . These studies have demonstrated that group I mGluRs and ionotropic glutamate receptors are segregated within the postsynaptic membrane of asymmetric glutamatergic synapses (Nusser et al., 1994) . Ionotropic receptors are found in the main body of the postsynaptic specializations, whereas group I mGluRs are preferentially expressed in a perisynaptic annulus around asymmetric synaptic junctions (Baude et al., 1993; Nusser et al., 1994; Lujan et al., 1996; Ottersen and Landsend, 1997) .
The objective of the present study was to characterize the subsynaptic localization of group I mGluRs in the internal and external segments of the globus pallidus (GPi and GPe, respectively) in monkeys. Unlike dendrites of pyramidal cells in the hippocampus, which are covered with spines receiving asymmetric glutamatergic synapses, dendrites of GPe and GPi neurons are smooth and innervated predominantly by striatal GABAergic terminals, forming symmetric synapses intermingled with a small proportion of glutamatergic boutons, which, for the most part, arise from the subthalamic nucleus (Shink and Smith, 1995; Shink et al., 1996; Smith et al., 1998) .
In this study, we present evidence that group I mGluRs in the monkey pallidum are found not only perisynaptic to asymmetric glutamatergic synapses but also in the main body of symmetric synaptic junctions established by striatal GABAergic terminals. These data raise questions about the possible sources of activation of these receptors and the potential roles of group I mGluRs in modulating neurotransmission at striatopallidal synapses.
MATERIALS AND METHODS
Animals and tissue processing. Four adult Rhesus monkeys (Macaca mulatta) were deeply anesthetized with an overdose of pentobarbital and perf used transcardially with cold oxygenated Ringer's solution followed by 4.0% paraformaldehyde and 0.1-1.0% glutaraldehyde in phosphate buffer (PB; 0.1 M, pH 7.4) at room temperature. Free aldehydes were washed out with PB. The brain was then removed from the skull, blocked, and post-fixed in the same fixative for 2 hr at 4°C before being washed in PBS (0.01 M, pH 7.4) and cut in 60-m-thick transverse sections with a vibrating microtome. Sections were then treated with sodium borohydride (1.0% in PBS) for 20 min, rinsed in PBS, transferred to cryoprotectant, and frozen at Ϫ80°C for 20 min. They were then thawed and returned to a graded series of cryoprotectant and PBS.
Primar y antisera. T wo commercially available affinity-purified rabbit polyclonal antibodies raised against synthetic C -terminal peptides representing different amino acid sequences of mGluR1a (PN V TYAS-V ILRDYKQSSSTL; Chemicon International, Temecula, CA) and mGluR5a and b (K SSPK YDTLIIRDYTNSSSSL; Upstate Biotechnology, Lake Placid, N Y) were used in the present study. In immunoblot analysis of rat brain microsomes or rabbit brain extracts, both antibodies labeled a single band with an estimated molecular weight of 145 kDa, which corresponds to that of mGluR1a and mGluR5 proteins (Houamed et al., 1991; Abe et al., 1992; Minakami et al., 1993) .
Light microscopic immunoc ytochemistr y. The sections were preincubated for 1 hr in 10% normal goat serum (NGS), 1.0% bovine serum albumin (BSA), and 0.3% Triton X-100 in PBS before being incubated for 24 hr at room temperature with primary antibodies (mGluR1a, 0.5 g /ml; mGluR5, 1.0 g /ml) diluted in the antibody diluent (1.0% NGS, 1.0% BSA, and 0.3% Triton X-100 in PBS). After rinsing with PBS, the sections were incubated for 1 hr in biotinylated goat anti-rabbit IgGs (Vector Laboratories, Burlingame, CA) followed by avidin -biotin -peroxidase complex (ABC; Vector) diluted 1:200 in the antibody diluent. Sections were then washed in PBS and Tris buffer (0.05 M, pH 7.6) and transferred to a solution containing 0.025% 3,3Ј-diaminobenzidine tetrahydrochloride (Sigma, St L ouis, MO), 0.01 M imidazole, and 0.005% hydrogen peroxide for 10 min. The sections were then washed in PBS, mounted on gelatin-coated slides, and dehydrated, and a coverslip was applied with Permount.
Electron microscopic immunoc ytochemistr y. Sections prepared for electron microscopy were preincubated for 1 hr with 10% NGS in a PBS-BSA solution (0.05% T ween 20, 0.005% BSA, and 0.001% gelatin in PBS) before being incubated for 48 hr at 4°C in the same concentrations of anti-mGluR1a and -mGluR5 antibodies as used for light microscopy with 1.0% NGS/ PBS-BSA solution. The sections were then incubated for 2 hr with the secondary antibody, 1.4 nm gold particle-conjugated goat antirabbit IgGs (Nanogold; Nanoprobes, Stonybrook, N Y) diluted 1:100 in 1% NGS/ PBS-BSA solution.
After overnight fixation in 1.0% glutaraldehyde, the sections were rinsed with PB, and the gold particles were silver-intensified for 6 -12 min with the HQ silver kit (Nanoprobes). They were then rinsed with PB, treated with osmium tetroxide (1.0% in PB) for 20 min, and dehydrated in a graded series of alcohol and propylene oxide. Uranyl acetate (1.0%) was added to the 70% ethanol (35 min) to enhance contrast. Sections were embedded with epoxy resin (Durcupan, AC M; Fluka, Buchs, Switzerland) for 12 hr, mounted on microscope slides, and put in the oven at 60°C for 48 hr. Samples of GPe and GPi were then cut out from the slides, glued on the top of resin blocks with cyanoacrylate glue, and cut in 60-to 70-nm-thick ultrathin sections with an ultramicrotome (Ultracut T2; Leica, Nussloch, Germany). The ultrathin sections were collected on single-slot copper or gold grids, stained with lead citrate (Reynolds, 1963) for 5 min, and examined with a Z eiss EM-10C electron microscope (Thornwood, N Y).
As controls, sections were incubated in solutions from which the primary antisera were replaced by 1% nonimmune rabbit serum, whereas the rest of the procedure remained the same as described above. Sections processed in this way were totally devoid of gold particles.
Anal ysis of material. To analyze the relationships between gold particles and postsynaptic specializations, micrographs of dendrites were taken at 25,000 and 40,000ϫ from the surface of mGluR1a-and mGluR5-immunostained sections where the labeling was optimal. The gold particles attached to the plasma membrane were then counted and pooled into three categories (extrasynaptic, perisynaptic, and synaptic) based on their localization relative to postsynaptic membrane specializations visible in the plane of section (see Results for more details). Portions of dendrites in which the preservation or the plane of section was not suitable to distinguish the presynaptic and postsynaptic membranes were omitted from the analysis. To ascertain the specificity of labeling, immunoreactive synapses were examined in three to seven serial ultrathin sections.
For measurement of the surface of dendrites and length of synaptic junctions, micrographs of randomly selected immunolabeled dendrites taken from GPe and GPi were scanned with a digital scanner (Umax Powerlook II) and analyzed for total dendritic membrane length and total length of synaptic active zones using a Neurolucida setup and Morph software (MicroBrightField). The mean size of gold particles was estimated by measuring the diameter of every gold particle attached to the plasma membrane in 10 dendrites in GPe and 10 dendrites in GPi for both receptor subtypes. Because there was no significant difference between the size of gold particles in the two pallidal segments with either antisera, data from GPe and GPi were pooled.
RESULTS
Group I mGluR immunoreactivity was examined at the light microscopic level using immunoperoxidase. Neuronal perikarya and dendritic processes displayed strong mGluR5 (Fig. 1 A) and mGluR1a ( Fig. 2 A) immunoreactivity in both GPe and GPi. The pattern and intensity of staining for the two mGluR subtypes was the same throughout the entire extent of both pallidal segments. In general, the intensity of cytoplasmic labeling was stronger with the mGluR5 than the mGluR1a antibodies.
Because immunoperoxidase deposit is diffuse and amorphous, it is not possible to establish the exact subcellular localization of receptors using that approach. Therefore, to elucidate the subsynaptic localization of mGluR1a and mGluR5 receptors at the electron microscopic level, both receptor subtypes were studied with the silver-intensified pre-embedding immunogold method, which offers a higher level of spatial resolution.
Overall, the pattern of distribution of the immunogold labeling in the four monkeys used in this study was consistent with the light microscopic peroxidase staining. First, the gold particles were associated exclusively with postsynaptic elements, including neuronal perikarya and dendritic processes of various sizes (Figs.  1 B, 2C) . Second, the density of gold particles in the cytoplasm of mGluR5-immunoreactive structures was significantly higher than that found in mGluR1a-containing elements, which is consistent with the relatively stronger mGluR5 cytoplasmic labeling visualized at the light microscopic level (Figs. 1 B, 2C) . For studying the relationships between the group I mGluR subtype localization and synaptic junctions, immunoreactive dendrites were photographed in GPe and GPi of two monkeys with the best ultrastructural preservation. The gold particles attached to the plasma membrane were then counted and pooled into three categories based on their localization in relation to symmetric or asymmetric postsynaptic membrane specializations. Those gold particles that were bound to a part of the plasma membrane not contributing to synaptic junctions were categorized as "extrasynaptic," whereas gold particles that were found Ͻ20 nm away from the edge of symmetric or asymmetric postsynaptic membrane specializations were categorized as "perisynaptic." Finally, gold particles that were bound to the main body of the postsynaptic specialization of symmetric or asymmetric synapses were categorized as "synaptic."
The distribution of membrane-bound immunogold particles observed for mGluR1a and mGluR5 labeling in the two segments of the globus pallidus is shown in Figure 3A . No substantial difference in the subsynaptic distribution of mGluR1a and mGluR5 immunoreactivity was found between the two pallidal segments. Although the majority of gold particles were extrasynaptic, a substantial proportion of immunolabeling (27-44% gold particles) was also found to be associated with symmetric synapses established by terminals that displayed the ultrastructural features of striatal boutons in GPe and GPi (Figs. 1 B,F-H, 2B,C,  3A) . Moreover, quantitative measurements revealed that 80 -90% of those gold particles associated with symmetric synapses were found in the main body of the postsynaptic specialization (Figs. 1 B,C,F-H, 2B,C, 3B). In contrast, immunogold particles associated with asymmetric synapses established by subthalamic-like terminals were always found in a perisynaptic position at the edges of synaptic junctions (Fig. 1C-E) .
To make sure that the labeling at symmetric synapses was not merely an artifact of a random distribution of gold particles along the plasma membrane of pallidal neurons, we performed two additional series of observations. First, we examined immunoreactive synapses through serial sections and found that the synaptic labeling at individual immunoreactive striatopallidal synapses was maintained in three to seven serial sections (Fig. 1 F-H ) . Furthermore, that the silver-enhanced gold particles had a mean diameter of 37.6 Ϯ 13.4 nm (Mean Ϯ SD; n ϭ 125) indicates that an individual particle could not be found in more than two adjacent ultrathin (60-to 70-nm-thick) sections. Therefore, because some symmetric synapses were labeled in as many as seven serial sections, this means that multiple gold particles contributed to the immunostaining. Second, the predicted percentage of gold particles found at synapses based on a random distribution on the dendritic membrane was calculated. This was achieved by comparing the proportion of the surface of dendritic membranes involved in the formation of symmetric or asymmetric synapses with the percentages of gold particles associated with striatal and subthalamic-like synapses (Fig. 3A) . A randomly selected sample of 20 dendrites in GPe and 20 dendrites in GPi were photographed and measured. In total, these dendrites accounted for ϳ2 mm of dendritic membrane from which data were collected. Because no significant difference was found between GPe and GPi, the percentages of dendritic membrane involved in synaptic specializations in both pallidal segments were pooled (Fig. 4) . Note that large neurons in the external medullary lamina (EML), which likely correspond to the cholinergic neurons of the basal nucleus of Meynert, also display strong mGluR1a immunoreactivity. B, Electron micrograph of mGluR5 immunolabeling at symmetric axodendritic synapses established by two striatal-like terminals (b1, b2). Note that gold particles aggregate in the main body of postsynaptic specializations (arrowheads). C, mGluR1a-immunoreactive dendrite (DEN ) contacted by numerous striatal-like terminals (b1-b5). Most of the gold particles (arrowheads) are specifically located at the postsynaptic specialization of symmetric striatopallidal synapses. Scale bars: A, 100 m; B, C, 0.5 m.
These measurements revealed that ϳ85% of the membrane of pallidal dendrites does not contribute to synaptic specializations, whereas ϳ13% contribute to symmetric synapses, and ϳ2% contribute to asymmetric synapses (Fig. 4) . Thus, on the basis of a random distribution, a substantially lower percentage of gold particle labeling would be predicted at symmetric striatopallidal synapses than was found for group I mGluR labeling in both pallidal segments (Fig. 4) .
Because most of the previous findings on the synaptic localization of group I mGluRs were gained from the rat hippocampus with antibodies different from those used in the present study (Baude et al., 1993; Lujan et al., 1996) , we examined the distribution of mGluR5 labeling in the CA1 region of the hippocampus in two monkeys and confirmed that (1) immunogold particles were always found outside asymmetric postsynaptic specializations (Fig. 5A) ; (2) spines were the most intensely labeled elements; (3) a substantial percentage (33%) of gold particles were found to be perisynaptic to asymmetric axospinous and axodendritic synapses, whereas the remainder (67%) were found to be extrasynaptic (Fig. 5C) ; and (4) no labeling was found at symmetric synapses (Fig. 5B ). These observations indicate that our findings in the monkey pallidum are unlikely to be attributable to either differences in the specificity of antibodies used in these studies or an overall species difference between rodents and primates regarding the subsynaptic localization of group I mGluRs in the CNS.
DISCUSSION
The main finding of this study is that group I mGluRs are found not only perisynaptic to the postsynaptic densities of asymmetric synapses but also in the core of the postsynaptic membrane specializations of symmetric striatopallidal synapses in monkeys (Fig. 6 ). These data raise questions about the possible sources of activation of these receptors and the potential roles of group I mGluRs in modulating neurotransmission at GABAergic striatopallidal synapses.
As discussed above, the current view of the subsynaptic distribution of group I mGluRs in the CNS is largely based on data obtained in the hippocampus and the cerebellum in rats (Nusser et al., 1994; Lujan et al., 1996; Ottersen and Landsend, 1997) . In those two brain regions, where neurons receive massive glutamatergic inputs, group I mGluRs were found to be perisynaptic to glutamatergic synapses. Our findings confirm that such is also the case in the monkey pallidum, where gold particle labeling for mGluR1a and mGluR5 was frequently found at the edges of asymmetric postsynaptic specializations. Gold particles were never found in the main body of asymmetric synapses in the pallidum, the striatum, the subthalamic nucleus, or the substantia nigra pars reticulata in monkeys (Hubert et al., 1998; Hubert and Smith, 1999; Paquet et al., 1999) . Although this lack of immunoreactivity in the core of asymmetric synapses might arise from problems of antibody access to epitopes, various observations suggest that such is unlikely to be the case for group I mGluRs: (1) the perisynaptic localization of these receptors was found in many brain regions using different antibodies in both rats and monkeys (Nusser et al., 1994; Lujan et al., 1996; Hubert and Smith, 1999; Paquet et al., 1999) ; (2) in the rat hippocampus, the perisynaptic labeling was found using both pre-and postembedding immunogold methods (Lujan et al., 1996) ; and (3) the main body of asymmetric postsynaptic specializations was found to be strongly labeled with various ionotropic glutamate receptor subunit antibodies (Nusser et al., 1994 (Nusser et al., , 1998 Bernard et al., 1997; Clarke and Bolam, 1998) . Together, these findings strongly suggest that the perisynaptic localization of group I mGluRs at Histogram comparing the percentage (Mean Ϯ SD) of dendritic membrane of GPe and GPi neurons not contributing to any synaptic junctions (no synapse) or involved in the formation of symmetric and asymmetric synapses, with the percentages of membrane-bound gold particle labeling for group I mGluRs on pallidal dendrites. The total membrane length and total length of symmetric and asymmetric synaptic active zones were measured from 40 dendrites randomly selected in GPe and GPi. The percentages of membrane-bound gold particles associated with group I mGluR immunoreactivity are the averages of mGluR1a and mGluR5 labeling in GPe and GPi depicted in Figure 3A . Note that the percentage of dendritic membrane contributing to the formation of symmetric synapses is significantly lower than the proportion of group I mGluR immunogold labeling at striatopallidal synapses. excitatory synapses is unlikely to be the result of technical artifacts but rather represents a genuine phenomenon in the CNS of both primates and nonprimates.
One of the unexpected findings of this study is the localization of group I mGluRs in the main body of the postsynaptic membrane specialization of symmetric synapses established by striatal terminals. Although the transmitter content of striatal terminals presynaptic to group I mGluR immunoreactivity has not been characterized in the present study, the ultrastructural features and GABA immunoreactivity of these terminals has been the subject of extensive studies during the past 10 years in rats and monkeys (for review, see Smith et al., 1998) . Therefore, that striatal neurons use GABA as a neurotransmitter raises important questions about the f unctional role of mGluRs at these synapses. One could argue that this labeling was either nonspecific or coincidental, because the surface of pallidal dendrites is covered with striatal boutons. However, different sets of data rule out these possibilities. First, the two polyclonal antibodies used in this study were affinity-purified and found to be highly specific for their immunogen in Western Immunoblot analysis. Second, omission of the antibodies completely abolished the immunostaining. Third, the pattern of labeling observed in the monkey hippocampus with the mGluR5 antibodies was strikingly similar to that recently described in rats using another highly specific mGluR5 antiserum raised against a different epitope (Shigemoto et al., 1993; Lujan et al., 1996) . Fourth, the labeling at individual symmetric striatopallidal synapses was found in three to seven serial sections. Fifth, the total proportion of the surface of pallidal dendrites involved in the formation of symmetric synapses was much lower than the proportion of gold particles encountered at symmetric striatopallidal synapses in GPe and GPi.
Another concern could be that the labeling at symmetric syn- Note the perisynaptic mGluR5 immunostaining (arrowheads) at the synapses established by b1 and b2. The arrow indicates a gold particle considered extrasynaptic according to our criteria, because it is found Ͼ20 nm away from the edge of the asymmetric postsynaptic specialization. B, Electron micrograph showing a symmetric axodendritic synapse (curved arrows) devoid of mGluR5 immunoreactivity. DEN, Dendrite. C, Histogram showing the percentage of extrasynaptic versus perisynaptic mGluR5 labeling on the surface of dendrites in the hippocampus. The perisynaptic labeling was always associated with asymmetric synapses. No labeling was found at symmetric synapses in the hippocampus. The total number of membrane-bound gold particles examined in 60 dendrites is given in parentheses. Scale bar, 0.5 m. Figure 6 . Schematic diagram that summarizes the subsynaptic localization of group I mGluRs in the GPi and GPe in monkeys. Both mGluR1a and mGluR5 are found in the main body of postsynaptic specializations of symmetric striatopallidal synapses or at the edges of asymmetric synapses established by subthalamic-like terminals. A large proportion of group I mGluRs are also found extrasynaptically on parts of pallidal dendrites not contributing to any synaptic junctions.
apses was attributable to cross-reaction of our antibodies with the GABAB receptors. This is very unlikely, because the synthetic peptides used to generate the mGluR1a and mGluR5 antibodies do not have any significant homologies with the amino acid sequence of the GABAB-R1 and GABAB-R2 receptor subtypes (Kaupmann et al., 1997 (Kaupmann et al., , 1998 White et al., 1998) . Moreover, recent electron microscopic localization studies of GABAB-R1 immunoreactivity in the monkey basal ganglia revealed a pattern of labeling significantly different from that described in the present study for group I mGluRs (Charara et al., 1999) . Thus, these findings indicate that the mGluR labeling at symmetric synapses in the monkey pallidum is highly specific, which suggests a potential role for group I mGluRs in modulating GABAergic transmission at striatopallidal synapses. This apparent mismatch between receptor localization and neurotransmitter release is not unique to group I mGluRs. Nusser et al. (1998) found similar findings in the rat cerebellum, where they showed that the ␥2, ␣6, and ␤2/3 GABA-A receptor subunits coexist with AM PA receptors in some glutamatergic mossy fiber synapses. It is worth noting that the postsynaptic specializations of symmetric synapses were not labeled in the CA1 region of the hippocampus in rats (L ujan et al., 1996) and monkeys. Whether this represents a genuine difference in group I mGluR localization at GABAergic synapses between the hippocampus and the pallidum or results from a more limited access to antigenic sites at symmetric synapses in the hippocampus remains uncertain.
The main issue that remains to be established is the mechanism by which these receptors are activated and mediate their effects. One possibility is that glutamate released from astrocytes activates mGluRs located at symmetric synapses and, possibly, those located extrasynaptically. Data obtained during the past few years showing that astrocytes express various ion channels and contain glutamate receptors (Sontheimer et al., 1996; Steinhauser and Gallo, 1996; Verkhratsky and Kettenmann, 1996; Porter and McCarthy, 1997; C armignoto et al., 1998) have shifted the traditional concept of astrocytes as simple structural support for neurons to a view in which glial cells play a more active role in information processing and neuronal communication in the CNS (Parpura et al., 1994; Antanitus, 1998; Araque et al., 1999) . It is well established that neuronal stimulation induces waves of elevated intracellular calcium, which propagate between glial cells and lead to glutamate release (Parpura et al., 1994; Hassinger et al., 1995; Araque et al., 1998a,b) . Moreover, electrical or mechanical stimulation of astrocytes can evoke NMDA and non-NMDA receptor-dependent slow inward currents in cultured hippocampal neurons (Araque et al., 1998b) . C alcium elevation in astrocytes also increases the frequency of excitatory miniature postsynaptic currents by acting on extrasynaptic NMDA receptors in those neurons (Araque et al., 1998b) . Finally, astrocytes can modulate action potential-evoked synaptic transmission by activation of presynaptic mGluRs (Araque et al., 1998a) . Thus, even if in vivo glutamate release from astrocytes has not been demonstrated in the globus pallidus, the findings discussed above suggest that glia should definitely be considered a potential candidate while looking for a source of glutamate to activate mGluRs expressed at GABAergic synapses or extrasynaptically in the monkey pallidum.
Another possibility is that glutamate released from subthalamic terminals diff uses out of the synaptic cleft and activates receptors located extrasynaptically or at symmetric synapses on pallidal dendrites. It has, indeed, been found that glutamate can spill over from neighboring synapses and can activate ionotropic glutamate receptors in the hippocampus (Asztely et al., 1997; Barbour and Hausser, 1997; Kullmann and Asztely, 1998; Kullmann et al., 1999) . Although such might also be the case in the pallidum, the fact that the labeled striatopallidal synapses were not always adjacent to asymmetric synapses makes the "spillover" hypothesis less likely to account for activation of most of these receptors. However, glutamate transporters are known to play a critical role in limiting the extrasynaptic diffusion of glutamate, thereby minimizing cross-talk between neighboring synapses (Rothstein et al., 1996; Diamond and Jahr, 1997; Rusakov and Kullmann, 1998) . One possibility could be that subthalamopallidal synapses are devoid of glutamate transporters, which would allow the transmitter to reach locations relatively distant from the site of release and to activate group I mGluRs. Studies of glutamate transporter location and abundance in the primate pallidum are in progress to assess the possible role of glutamate diffusion in activating group I mGluRs.
A third possibility is that striatal terminals, under certain circumstances, release excitatory amino acids. Although this is not consistent with the current view of neurotransmission at striatopallidal synapses, indirect evidence suggests that striatal neurons may coexpress, and possibly corelease, GABA and glutamate as neurotransmitters. First, striatopallidal neurons possess a high-affinity uptake system for glutamate and aspartate (White et al., 1994) . Second, excitatory postsynaptic currents sensitive to the glutamate antagonist CNQX are found in cultures consisting only of dissociated striatal neurons (Dubinsky, 1989) . Third, stimulation of the caudate nucleus in vivo produces a combination of excitatory and inhibitory postsynaptic potentials in the globus pallidus (Levine et al., 1974; Kita and Kitai, 1991) . Although these excitatory effects can be attributed to activation of axons extrinsic to the striatum or multisynaptic pathways, they might also originate from intrinsic striatal neurons. Taken together with the findings of the present study, these data support the idea that glutamate might be released by either GABAergic striatal projection neurons in general or a subpopulation of neurons specifically associated with synaptic group I mGluRs. Because of limitations in interpreting negative immunocytochemical staining, the exact proportion of striatal synapses associated with group I mGluRs could not be established in the present study. Although corelease of fast neurotransmitters such as glutamate and GABA is clearly not a common feature in the CNS, the synaptic corelease of GABA and glycine was recently shown in the spinal cord (Jonas et al., 1998) . Furthermore, Jo and Schlichter (1999) recently demonstrated that the fast excitatory neurotransmitter ATP is coreleased with the inhibitory neurotransmitter GABA at individual synapses in cultured spinal neurons.
If glutamate, indeed, activates mGluRs at striatopallidal synapses, it is likely that the postsynaptic mGluR responses regulate GABA currents in pallidal neurons. Although the mechanism of such an interaction between GABA receptors and mGluRs is largely unknown, recent data indicate that mGluR activation might either downregulate or upregulate inhibitory postsynaptic currents in the nucleus of the solitary tract and the spinal cord in rats Miller, 1993, 1994) . Furthermore, activation of group I mGluRs was found to depress GABA-A-mediated IPSCs in slices of rat midbrain dopaminergic neurons (Bonci et al., 1997) . Similar findings were found in the hippocampus, where activation of group I mGluRs also mimicked and occluded the phenomenon of depolarization-induced suppression of inhibition (Morishita et al., 1998) . Finally, mGluR activation can modulate postsynaptic GABA responses via the reduction of K ϩ conduc-tances, which leads to an increase in membrane excitability and depression of GABA receptor sensitivity (Glaum and Miller, 1994; Conn and Pin, 1997) . It is worth noting that group I mGluR activation has been shown to mediate both slow I PSPs and EPSPs in midbrain dopamine neurons (Fiorillo and Williams, 1998) . Activation of mGluR1 by a brief exposure to agonist was found, indeed, to activate a C a 2ϩ -dependent potassium conductance and to cause a pure inhibition, whereas prolonged exposure to agonist resulted in suppression of the I PSPs and evoked a slow EPSP (Fiorillo and Williams, 1998) . Thus, while looking for a f unctional role for group I mGluRs in the pallidum, it is important to consider that these receptors could have effects ranging from increasing excitability to causing inhibition.
